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Summary 
 
The E2F transcription factors and the RETINOBLASTOMA RELATED (RBR) repressor 
protein are principal regulators coordinating cell proliferation with differentiation, but their role 
during seed development is little understood. We show that in the fully developed embryos, cell 
number was not affected either in single or double mutants for the activator-type E2FA and 
E2FB. Accordingly, these E2Fs are only partially required for the expression of cell cycle 
genes. In contrast, the expression of key seed maturation genes; LEAFY COTYLEDON 1-2 
(LEC1-2), ABSCISIC ACID INSENSITIVE 3 (ABI3), FUSCA 3 (FUS3) and WRINKLED 1 
(WRI1) are upregulated in the e2fab double mutant embryo. In accordance, E2FA directly 
regulates LEC2, and mutation at the consensus E2F-binding site in LEC2 promoter de-represses 
its activity during the proliferative stage of seed development. Additionally, the major seed 
storage reserve proteins, 12S globulin and 2S albumin became prematurely accumulated at the 
proliferating phase of seed development in the e2fab double mutant. Our findings reveal a 
repressor function of the activator E2Fs to restrict the seed maturation program until the cell 
proliferation phase is completed. 
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 Introduction 
 
In multicellular organisms development is regulated by coordinating cell proliferation with 
differentiation. In plants, due to their sessile lifestyle and largely post-embryonic development, 
this coordination operates lifelong from early embryogenesis to post-embryonic organ 
development. Plants develop through transitions, but how these passages are regulated at the 
molecular level is not fully understood. The developing seed consists of two major and 
sequential programs; the initial morphogenic phase is driven by oriented cell divisions, which 
is followed by the maturation phase, where embryonic cells stop proliferating and seed storage 
reserves accumulate (Holdsworth et al., 2008; Lau et al., 2012; Sun et al., 2010). During the 
final phase of embryogenesis, desiccation tolerance is acquired and dormancy is established 
(Devic and Roscoe, 2016). The embryo formation, the accumulation of storage reserves, and 
the establishment of dormancy are all important agronomic traits defining seed quality.  
Morphogenesis during seed development is completed in the early heart stage embryo, when 
all elements of the body pattern are already laid down (Wendrich and Weijers, 2013). The 
embryo still continues to grow afterwards, but less so by cell proliferation, but rather by cell 
expansion (Raz et al., 2001). Seed storage reserves, including fatty acids and proteins 
accumulate when cell division is completed (Goldberg et al., 1994). The current view is that 
the key genetic factors controlling seed maturation are four regulatory genes, including three 
related B3 domain transcription factors, the ABSCISIC ACID INSENSITIVE 3 (ABI3), 
FUSCA 3 (FUS3) and LEAFY COTYLEDON 2 (LEC2), collectively named AFL, and the 
LEAFY COTYLEDON 1 (LEC1), a CCAAT-binding transcription factor (Braybrook and 
Harada, 2008; Carbonero et al., 2017). The exact mechanism how the maturation phase is 
initiated through the control of these genes however is still not entirely clear. 
Cell proliferation is highly regulated during embryo development. In Arabidopsis, as in other 
eukaryotes, CYCLIN-DEPENDENT KINASES (CDKs) play essential role in the regulation of 
the cell cycle (Gutierrez, 2009). Contrary to animals, Arabidopsis embryos can develop in the 
absence of the evolutionary conserved CDKA;1, but contain much fewer cells. The primary 
target for CDKA;1 is the single RETINOBLASTOMA-RELATED (RBR) protein, which was 
experimentally demonstrated with the rescue of most defects in the cdka;1 mutant by the rbr1-
2 hypomorph mutant allele (Nowack et al., 2012). As the main RBR-kinase is the CDKA;1, it 
forms complex with regulatory CYCLIN subunits including D-type CYCLINs (CYCDs). 
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 CYCDs have both discrete and overlapping tissue specific expression patterns in the developing 
seeds and mutations of the CYCD3 subgroup delay embryo development (Collins et al., 2012). 
CYCDs bind to Rb/RBR through their LxCxE amino acid motif, which leads to the 
phosphorylation and inactivation of Rb/RBR (Morgan 2007; Boniotti and Gutierrez 2001). The 
canonical role of RBR is to control the cell cycle through the repression of E2F transcription 
factors (Harashima and Sugimoto, 2016). In Arabidopsis, three E2F proteins are capable to 
form complexes with RBR (Magyar et al., 2016). Ectopic expression of E2FA or E2FB causes 
hyper-proliferation, while overexpression of E2FC inhibits cell division during post-embryonic 
development, placing them as activator and repressor type E2Fs, respectively (De Veylder et 
al., 2002; del Pozo et al., 2006; Magyar et al., 2005; Magyar et al., 2012; Sozzani et al., 2006). 
These three E2Fs require the dimerization partner protein A or B (DPA or DPB) for DNA 
binding (del Pozo et al., 2002; del Pozo et al., 2006; Magyar et al., 2000). Only E2FB and E2FC 
but not E2FA were found in association with components of the evolutionary conserved multi-
subunit DP-Rb-E2F And-MuvB complex (DREAM – Kobayashi et al., 2015; Fischer and 
DeCaprio, 2015; Sadasivam and DeCaprio, 2013), demonstrating that activator E2FA and 
E2FB could have different functions (Horvath et al., 2017). Accordingly, E2FA in complex 
with RBR was shown to maintain the proliferation competence by repressing genes controlling 
the switch from mitosis to endocycle and cell elongation (Magyar et al., 2012), while E2FB 
was shown to regulate cell cycle in a more canonical way, where RBR represses the activation 
of cell cycle genes through the inhibition of E2FB. The function of these E2Fs in the developing 
embryo have not been fully characterized yet. Mutant embryos with compromised RBR 
function develop normally, but consist of twice as many cells as the wild type (Gutzat et al., 
2011). Cell number in this rbr mutant increased from the bent cotyledon embryo stage onward 
during maturation, suggesting that RBR repression is required for the exit from cell proliferation 
to set the final cell number in the embryo (Nowack et al., 2012). In addition, rbr mutant 
seedlings ectopically express embryonic genes such as LEC2 and ABI3, indicating that RBR, 
apart from cell cycle genes, could regulate the expression of seed maturation genes (Gutzat et 
al., 2012). Whether plant RBR regulates cell proliferation in the developing embryo in 
association with E2Fs and whether they together control the developmental transitions to seed 
maturation is not known. 
Here, we analysed the function of activator-type E2FA and E2FB in the developing 
Arabidopsis seeds and embryos. We found that in the e2fab double mutant (e2fa-2/e2fb-1 - 
Heyman et al., 2011) cell number was not significantly affected in the fully developed embryos. 
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 Accordingly, the activator function of E2FA and E2FB is not critical for embryonic cell 
proliferation. In contrast, the expression of key seed maturation genes; LEC1-2, ABI3, FUS3 
were found to be significantly upregulated in the e2fab double mutant embryos. Our findings 
reveal a repressor function of the so-called activator E2Fs to restrict the seed maturation 
program until the cell proliferation phase is completed. 
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 Results 
 
The expression patterns of E2FA and E2FB are distinct in developing siliques 
 
To investigate the involvement of activator E2Fs in the coordination of cell proliferation with 
differentiation, we first studied the expression of E2FA and E2FB genes. For that purpose, we 
harvested siliques from Arabidopsis wild type Columbia 0 ecotype (WT) with four different 
sizes, representing distinct embryo developmental stages (S1-4; pictured in Fig S1). To monitor 
the proliferative phase in this experimental system, we studied the expression of CYCLIN-
DEPENDENT KINASE B1;1 (CDKB1;1), a G2-M phase specific cell cycle regulatory gene, a 
known target for activator E2Fs (Vandepoele et al., 2005). CDKB1;1 was found to express at 
the highest level in the youngest siliques (S1), decreased in the second silique sample (S2) and 
sharply diminished afterwards in the last two silique samples S3-4 (Fig. 1A). To monitor the 
maturation phase, we followed the expression of LEC2, and one of its predicted target gene, the 
WRINKLED 1 (WRI1 – Focks and Benning, 1998, an APETALA-2/ ETHYLENE-RESPONSE 
FACTOR AP-2/ERF) type transcription factor involved in the regulation of fatty acid synthesis 
(Fig. 1A). As expected, these were barely detectable during the proliferative phase (S1) and 
they both showed the highest expressions in the third silique sample (S3), containing long fully 
grown but green siliques and both declined in the S4 sample (Fig. 1A). Taken together, cell 
proliferation was the most active in the youngest siliques (S1 and S2), while the maturation 
phase started when proliferation activity decreased in the transient developmental phase (S2) 
and peaked in the next sample (S3), and both the cell cycle and maturation genes were hardly 
detectable in the post-mature seed developmental phase (S4). 
To start understanding the function of E2Fs and RBR during seed development, we followed 
the transcript levels of the three E2Fs (E2FA, E2FB, E2FC) as well as the RBR. The repressor 
type E2FC and RBR were expressed at nearly constant levels from the proliferation to 
maturation phase of seed development (Fig. 1B). The expression pattern of activator E2FA was 
similar to the cell cycle regulator CDKB1;1 gene; it was the highest in proliferating seeds, and 
gradually decreased afterwards, although not as sharply as the expression of CDKB1;1 in the 
post-mitotic S3-4 siliques and remained clearly detectable (Fig. 1A,B). E2FB was also 
expressed during the early developmental phases (S1-S2), but unlike E2FA, its expression level 
increased during the maturation phase and it peaked afterwards in the post-mature 
D
ev
el
o
pm
en
t •
 A
cc
ep
te
d 
m
an
us
cr
ip
t
 developmental stage (Fig. 1B). These results are in agreement with the gene expression data in 
the Arabidopsis eFP browser (Fig. S2; Winter et al., 2007), supporting overlapping as well as 
potentially specific functions for the activator E2Fs, E2FA and E2FB during silique and seed 
development. 
 
E2FA and RBR proteins are abundant in the proliferative phase, while E2FB protein is 
also present in post-mitotic and post-mature seeds and siliques 
 
Next we analysed the accumulation of E2FA and E2FB proteins in the developing siliques by 
specific antibodies in immunoblot assays (Fig. 1C). The E2FA protein accumulation followed 
its transcript level, was the highest in the proliferation phase of siliques (S1), decreased towards 
maturation phase in the S2 and diminished in the latest developmental phases (S3-4 - Fig. 1C). 
RBR is known to be abundant in proliferating tissues during vegetative development (Borghi 
et al., 2010; Magyar et al., 2012), and indeed, RBR level was high in the young siliques (S1-2), 
but contrary to its transcript level, RBR protein was hardly detectable in maturing siliques (S3) 
and further diminished from the post-mature S4 stage, indicating that the mRNAs and not the 
RBR protein are stored in the dry seeds. In contrast to E2FA and RBR, E2FB accumulated at a 
constitutive high level throughout seed and silique development, present both in the mitotically 
active and maturing siliques and interestingly also in the post-mature stage (Fig. 1C). We could 
not detect DPA in the developing siliques, probably because of its generally low level, but DPB 
showed a constitutive expression pattern throughout the analysed developmental period, 
similarly to E2FB (Fig. 1C). In the post-mature silique stage (S4), DPB was detected with a 
slower mobility, indicating a post-translational modification on this protein. The diminished 
abundance of RBR, but not E2FB, at the post-maturation stage suggests that E2FB may have 
an RBR-independent function during the establishment of seed dormancy.  
 
Spatial and temporal regulation of E2FA and E2FB accumulation during embryogenesis 
 
To analyse the spatial and temporal patterns of E2FA, E2FB and RBR proteins specifically in 
the developing embryos, we utilized our transgenic Arabidopsis lines expressing fluorescent 
protein-tagged E2FA, E2FB or RBR under the control of their own promoters (pgE2FA-
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 3xvYFP, pgE2FB-3xvYFP, pgRBR-3xCFP). Immature embryos were dissected from 
transgenic Arabidopsis seeds at various developmental stages and fluorescence signals were 
analysed by confocal laser microscopy (Fig. 2, S3). Cell proliferation continues during the heart 
stage, but gradually decreasing until the walking-stick embryo stage, when it completely stops 
(Raz et al., 2001). Both E2FA and E2FB proteins were found to be nuclear, and ubiquitously 
expressed in every embryonic cells from the globular to the mitotically quiescent walking-stick 
embryo stage (Fig. 2). The E2FA-vYFP signal was the brightest till the heart stage, after which 
it gradually diminished, but remained detectable at all stages, except the post-mature phase in 
S4, while the E2FB-vYFP signal was most intense at the torpedo stage and also could be 
detected in the latest embryo developmental stages (Fig. 2). The RBR-3xCFP was detected 
from the heart to the walking-stick embryo stage, but it was not present in post-mature embryos 
(Fig. S3). E2FA-3xvYFP and E2FB-3xvYFP signals were also present in the integuments of 
young seeds containing proliferating cells (Fig. S4).  
Altogether these results show that both E2FA, E2FB as well as RBR proteins are present 
in the developing embryo both in proliferating and in post-mitotic embryonic cells, though at 
different abundance. Accordingly, E2FA and E2FB have the potential to participate in the 
establishment of quiescence in association with RBR, till the embryo reaches its final size at S3 
stage. 
 
In the e2fab double mutant the expression of cell cycle genes is compromised during the 
early developmental stage, while it becomes de-repressed later during the maturation 
 
To examine whether E2FA and E2FB are required for the expression of cell cycle genes, we 
collected siliques at three developmental phases of single e2fa-2 (Berckmans et al., 2011b) and 
e2fb-1 (Berckmans et al., 2011a; Horvath et al., 2017), as well as the e2fa-2/e2fb-1 double 
mutant (abbreviated as e2fab - Heyman et al., 2011). Previously it was shown that these mutant 
lines do not express the corresponding full size transcripts and proteins (Berckmans et al., 
2011a; Berckmans et al., 2011b; Horvath et al., 2017; Kobayashi et al., 2015, and Figs S9, S10, 
S11). We followed the expressions of the G1-to-S phase regulatory CYCD3;1, the S-phase 
linked ORIGIN RECOGNITION COMPLEX 2 (ORC2), the MINICHROMOSOME 
MAINTENANCE 3 (MCM3) and the G2-to-M phase specific CDKB1;1 E2F target genes using 
Q-RT-PCR (Fig. 3). In the WT siliques, all these cell cycle genes showed a generally similar 
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 pattern: highest expression in the first silique sample, representing the proliferation phase, 
declined levels in the following one, and the lowest during the maturation phase (Fig. 3). 
Surprisingly, the expression of these cell cycle genes during the proliferative S1 stage was 
hardly affected in the single and just lowered in the e2fab double mutant, but only marginally 
in the case of MCM3 and CYCD3;1, suggesting that these activator E2Fs are only partially 
required for their expressions. 
Cell cycle genes almost completely diminished in the maturing siliques of the WT. To evaluate 
the effect of e2fa-2 and e2fb-1 mutations on their expressions, we replotted the normalised data 
representing the S3 stage (Fig. 3B). All these cell cycle genes were up-regulated in the e2fa-2 
mutant, while only the expression of CYCD3;1 and MCM3 was elevated in the e2fb-1 mutant. 
These two further increased in the e2fab double mutant, suggesting that activator E2Fs act 
independently as repressors on them. In contrast, CDKB1;1 expression diminished in the e2fb-
1 mutant, while it became elevated in the e2fab double to the same level as in the e2fa-2 single, 
suggesting that these E2Fs oppositely regulate CDKB1;1 expression. These results show that 
the E2FA and E2FB activator-type transcription factors can act as repressors during the 
maturation phase of seed development. 
 
E2FA and E2FB are dispensable for embryonic cell proliferation 
 
Previous results confirmed that cell number in the developing Arabidopsis embryo is regulated 
at the level and activity of RBR, which act on E2Fs ( Gutzat et al., 2011; Nowack et al., 2012). 
To analyse the role of activator E2Fs, we isolated embryos from fully mature seeds of WT, 
single and double loss of function e2fa-2 and e2fb-1 mutants and determined the size of 
embryonic cotyledons and hypocotyl and their constituent cells under confocal laser 
microscopy after propidium iodide (PI) staining (Fig. 4, S5). The e2fa mutant embryo looked 
normal, while the e2fb was slightly larger than the WT (increased by 1,2 fold), containing more 
but slightly smaller cells (Fig. 4). The double e2fab mutant embryos were significantly larger, 
with enlarged cotyledons and hypocotyl. However, the number of cells in these e2fab mutant 
was calculated to be comparable with the WT control, while the cell size was considerably 
increased in comparison to WT, both in the cotyledon and in the hypocotyl epidermal tissue 
(Fig. 4C, D). We also observed that e2fab mutant plants produced shorter siliques containing 
less, but bigger and heavier seeds than the WT (Table 1). The short silique was due to reduced 
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 fertility, as indicated by missing rather than aborted seeds in the silique in the e2fab double 
mutant (Fig. S6). Accordingly, the yield of the double e2fab mutant plants was behind WT 
(decreased by around 30%), while seed weight increased by 36%, indicating a negative 
correlation between total seed yield and average seed weight (Table 1). The large seed and 
embryo phenotype in this mutant could be the consequence of the allocation of extra resources 
to the few seeds produced (Ohto et al., 2005). Nevertheless, e2fab mutant embryos, in the 
absence of activator E2FA and E2FB functions, are larger than the WT control, although the 
total number of cells is not modified, supporting the view that the activator function of these 
E2Fs is not essential for cell proliferation during embryogenesis. 
 
The AFL class of maturation genes are repressed by E2FA and E2FB 
 
Previously it was shown that seed maturation genes, LEC2 and ABI3, were up-regulated in 
Arabidopsis seedlings where the RBR level was reduced by co-silencing (csRBR – Gutzat et 
al., 2011). The LEC2 gene is a putative E2F target, as it contains a consensus E2F-binding site 
in its promoter, although RBR could not be shown to directly bind to the LEC2, but only to the 
ABI3 promoter (Gutzat et al., 2011). To investigate the role of activator E2Fs, we followed the 
expression of LEC2, LEC1, FUS3 and ABI3, as well as WRI1 in developing siliques of single 
and double e2fa-2 and e2fb-1 mutants (Fig. 5). As expected, in WT the maturation genes were 
hardly detectable in the proliferating siliques (S1), increased afterwards (S2) and peaked during 
maturation (S3 - Fig. 5). The expression of all these maturation genes were upregulated in the 
e2fa-2 and partly in the e2fb-1 mutants during S3 phase. For LEC1, LEC2 this solely depended 
on e2fa-1 while for FUS3, ABI3 and to some extent for WRI1 on both e2fa-2 and e2fb-1 (Fig. 
5). In contrast to S3 phase, the LEC1 and LEC2 transcripts became prematurely upregulated 
during the S2 phase only in the e2fb-1 mutant (Fig. 5B). These data indicate that both E2FA 
and E2FB could repress the LEC1-2 genes, but in different seed developmental stages. 
 
The expression of LEC2 and WRI1 is regulated by E2Fs during silique development 
 
The promoter regions of LEC2 and WRI1 have putative E2F-binding sites, suggesting that E2Fs 
may directly control their expressions (Fig. 6A). To test this, we performed chromatin 
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 immunoprecipitation (ChIP) experiments with anti-GFP antibody on silique samples collected 
from the maturation phase (S3) of pgE2FA-GFP and pgE2FB-GFP lines (Magyar et al., 2012). 
We could detect significant enrichment of E2FA-GFP but not E2FB-GFP protein to the 
promoter of LEC2 and neither of these at the WRI1 genes (Fig. 6B, S7). E2FA-GFP enrichment 
on the LEC2 promoter was located specifically to the region where consensus E2F-binding 
element was predicted (Fig. 6A, B). This result suggested that E2FA could directly regulate the 
expression of LEC2 during the maturation phase. This experiment cannot rule out whether 
E2FC has a role during S3 stage or there are E2F association during earlier seed developmental 
phases, which is not amenable for ChIP. To gain further evidence for the E2F-mediated 
regulation of genes during seed maturation, we mutated the putative E2F-binding site identified 
in the promoter regions of LEC2 and WRI1. We generated reporter lines expressing the cyan 
fluorescent protein (CFP) either under the control of the native or the E2F-binding-site mutant 
LEC2 and WRI1 promoters. Representative lines were selected and siliques were harvested at 
different developmental stages as before (S1-4). The intact LEC2 promoter-reporter line 
(pLEC2-CFP) showed similar expression pattern as the endogenous LEC2 transcript (Fig. 1A); 
almost no LEC2 expression in the earliest seed developmental phase (S1), but it increased in 
the transition S2 phase, reached the maximum level in the maturation phase (S3) and diminished 
afterwards in post-mature seeds (S4 - Fig. 6C). In contrast, the E2F-site mutant LEC2 promoter-
reporter line (pmutE2FLEC2-CFP) showed an elevated and nearly constitutive transcript level 
throughout the silique development stages (Fig. 6C). The WRI1 promoter-reporter line 
(pWRI1-CFP) also closely followed the endogenous WRI1 expression, peaking during the 
maturation (S3) phase (Fig. 6D, 1A). We analysed two independent E2F-binding site mutant 
WRI1 promoter-reporter lines (pmutE2FWRI1-CFP, Line 22 and 24). Both of these reporter lines 
were expressed prematurely in the early developmental phases of S1-2, line 24 to a larger extent 
than line 22 (Fig. 6D). To back up these results we also monitored the CFP protein levels in 
these pWRI1 reporter-CFP lines during silique development (Fig. 6E). In the intact pWRI1-
CFP line, CFP was exclusively accumulated at high level during the maturation phase (S3), 
while CFP protein could be detected in the earlier developmental silique stages in both 
pmutE2FWRI1-CFP lines (Fig. 6E). These data further support that the timing of expression for 
these maturation genes are regulated by E2Fs. 
Contrary to the reporter pLEC2-CFP lines, the pWRI1-CFP signal was high enough to allow 
confocal microscopy detection in the developing embryos. Confirming previous findings, in the 
pWRI1-CFP line the fluorescence signal was hardly detectable in the heart stage embryo, being 
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 the brightest at the beginning of maturation phase in the early torpedo embryo stage, and 
gradually declined afterwards during maturation and diminished in the fully mature embryo 
(Fig. 7A – Baud et al., 2007). In contrast, both pmutE2FWRI1-CFP line 22 (Fig. 7B), and line 24 
(Fig. S8) showed a strong CFP signal in the heart stage embryo, which was maintained at high 
level until the mid and late torpedo embryo stages (Fig. S8). While the CFP signal was stronger 
for longer period of time in the pmutE2FWRI1-CFP lines, the signal was missing in the root tip 
region of the immature embryos in comparison to the pWRI1-CFP line (Fig. 7C, S8B), 
suggesting that E2Fs both temporally and spatially regulate the expression of WRI1 during 
embryogenesis. 
 
Seed reserve accumulation is prematurely activated in the e2fab double mutant 
 
The results presented so far indicated that E2FA and E2FB repress key maturation genes during 
seed and silique development, which prompted us to test whether these activator E2Fs could 
regulate the seed maturation program. The two major seed storage proteins (SSPs) are the 
globulin (12S) and the albumin (2S) that represent up to one third of the dry weight in 
Arabidopsis seeds (Baud et al., 2002). To study the role of activator E2Fs, we determined the 
2S albumin and 12S globulin levels during silique and seed development in single and double 
e2fa and e2fb mutants (Fig. 8). As known, these SSPs exclusively accumulate during the 
maturation phase (S3) of the control WT siliques (Fig. 8A; Vicente-Carbajosa and Carbonero, 
2005), but became considerably more abundant in the S1 stage in e2fa-2 and to a lower degree 
in the e2fb-1 mutants, while the upregulation in double e2fab mutant was comparable with that 
of e2fa-2 at this S1 stage (Fig. 8A-C). The position of the T-DNA insertion in the e2fa-2 allele 
is just after the MARKED-Box (MB), while for e2fb-1 it is after the dimerization domain (DD, 
Fig. S9A). The MB domain strengthen the interaction with DPs directed by dimerization 
domain, a requirement to bind the target promoters (Black et al., 2005; Rubin et al., 2005). To 
address whether the upregulation of seed storage proteins are differently affected by e2fa or 
e2fb mutations, or correlates with the site of T-DNA insertion and possible production of 
truncated proteins with different properties, we analysed our mutant collection of e2fa and e2fb 
alleles (Fig. S9A). First we confirmed by Q-RT-PCR using insertion surrounding primers that 
T-DNA insertion is present in these mutants (Fig. S9B, E), while with 5`-specific primers we 
could detect both E2FA and E2FB transcripts in the mutants (Fig. S9F, G). By RT-PCR with 
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 primer pairs spanning till the T-DNA, we further confirmed that these e2f mutants produce 
transcripts down to the insertion sites (Fig. S10A, B), while using primers downstream of the 
insertion could not amplify any fragments (Fig. S10C, D). Using an E2FB antibody targeted to 
the C-terminus, we established that there is neither full length nor truncated E2FB proteins 
containing part of the C-terminus in the e2fb-1 and e2fb-2 mutants (Fig. S11A). To test for the 
existence of a truncated E2FB protein, we used an N-terminal-specific E2FB antibody. This 
antibody is specific to recognise the overexpressed E2FB-GFP, but too weak to detect the 
endogenous E2FB, unless it was enriched through DPA co-immunoprecipitation (Fig. S11C), 
and in this way we could confirm the existence of a truncated E2FB protein in the e2fab double 
mutant (Fig. S11D). By using an N-terminal-specific E2FA antibody, the full length protein 
was recognised in WT, e2fb-1 and e2fb-2 mutants, while a smaller sized protein was detected 
in the e2fa-2 single and e2fab double mutants (Fig. S11B). This protein could not be observed 
in e2fa-1 supporting that this is a truncated E2FA specific for e2fa-2 mutation. These results 
support that the e2fa and e2fb T-DNA insertion mutants can produce truncated proteins that 
expect to affect RBR recruitment and transactivation. In addition, these truncated proteins may 
have different ability to bind to DNA; the MB domain is intact in e2fa-2 that should allow 
strong DNA binding, the T-DNA insertion disrupt the MB region in e2fa-1 and e2fb-1 at 
comparable position, which is expected to weaken their DNA binding activities, while the 
dimerization domain is disrupted in the e2fb-2, which should prevent DNA binding. With this 
in mind, we went on to determine how these different e2fa and e2fb mutant alleles affect the 
accumulation of 12S globulin and 2S albumin protein at different stages of silique development. 
These storage proteins are only present at the mature S3 stage in WT. In contrast, they were 
prematurely accumulated in these e2f mutants except in e2fb-2 (Fig. 8B, C). Interestingly, the 
extent of premature expression of these storage proteins followed the predicted binding of 
truncated E2FA or E2FB to DNA as it was the strongest in e2fa-2 as well as in the double e2fab, 
weaker in e2fb-1 and e2fa-1, and no effect in e2fb-2. This suggests that the binding of these 
E2F mutant proteins to target DNA sequences without the ability to recruit the repressor RBR 
protein is what leads to the premature expression of seed storage proteins. 
Because SSPs started to accumulate earlier during seed development in the e2f mutants, we 
wondered whether they reached higher levels in the fully developed post-mature dry seeds than 
in WT. We found that in the single e2fa-1 and e2fb-1 mutants both 2S albumin and 12S globulin 
accumulated to comparable levels than in the WT, while the 12S globulin became more 
abundant in the e2fab double mutant seeds (Fig. 8D). We also determined the total protein 
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 content in mature seeds, and as shown in Table 2, it was significantly higher than the wild-type 
in the e2fab mutant. Thus, the embryo of the e2fab double mutant might become larger than 
WT because it contains more seed storage reserves. 
In summary, we uncovered an important regulatory function for the activator E2Fs during the 
early morphogenic seed developmental phase to restrict the maturation program until the 
proliferation is active (Fig. 9). 
 
Discussion 
 
Here we showed that the two activator E2Fs, E2FA and E2FB coordinate cell proliferation with 
differentiation during seed and embryo development by multiple mechanisms: (i) both are 
contributing to the expression of cell cycle genes in the early phases of embryo development, 
but they are not essential for cell proliferation, (ii) they have distinct roles to repress S- and M-
phase genes during seed maturation, when embryo quiescence is established, (iii) these activator 
E2Fs also have distinct roles to repress embryonic-differentiation genes including LEC2 and 
WRI1, (iv) these E2F transcription factors are critical for the timing and extent of seed storage 
protein accumulation (Fig. 9). 
 
The cell number is not affected in developing embryo when E2FA and E2FB are mutated 
 
The expression of S-phase specific genes were not affected in the single e2fa-2 and e2fb-1, but 
in the double e2fab mutant, indicating that they act redundantly on S-phase regulatory genes. 
In contrast the mitotic CDKB1;1 was exclusively regulated by E2FB but not by E2FA. In 
agreement, E2FB but not E2FA is expressed during the G2/M phases of the cell cycle 
(Mariconti et al., 2002; Magyar et al., 2005). The moderate overexpression of E2FA up-
regulates S-phase specific genes, while the ectopic expression of CYCD3;1 hyper-activates 
both S- and M-phase regulatory genes, similarly to E2FB (de Jager et al., 2009). Moreover, it 
was suggested that E2FB is the canonical cell cycle activator E2F in Arabidopsis, based on the 
finding that it is released from RBR repression in the CYCD3;1 overexpressor line, while the 
E2FA-RBR complex was found to be regulated differently (Magyar et al., 2012).  
D
ev
el
o
pm
en
t •
 A
cc
ep
te
d 
m
an
us
cr
ip
t
 In spite of the partial requirement for these activator E2Fs to fully promote cell cycle genes, the 
double e2fab mutant embryos consist of comparable number of cells to the control wild type. 
These findings demonstrate that (i) E2FA and E2FB are partially required but not essential for 
the expression of cell cycle target genes during embryonic cell divisions and (ii) the reduced 
expression of these cell cycle genes does not manifest in reduced cell proliferation. This is in 
agreement with other results showing that the regulatory roles for activator E2Fs are not critical 
for meristematic cell proliferation during post-embryonic development (Wang et al., 2014). 
Together with findings in animal systems, a universal model is emerging, where activator E2F 
functions are not required for normal cell proliferation either in embryonic or in post-embryonic 
development, which holds both for animals and for plants (Chen et al., 2009b; Magyar et al., 
2016; Zappia and Frolov, 2016).  
We could not detect developmental abnormalities in the e2f mutant embryos, except the 
significantly enlarged seed and embryo size in the double e2fab mutant. Interestingly, the 
double e2fab mutant develops shorter siliques containing fewer seeds than the control and we 
found that the double e2fab mutant have compromised fertility. It was shown that fertility 
problems might account for 33% of the increase in average seed weight (Ohto et al., 2005). 
This value matches the increase we observed with the e2fab double mutant. In agreement with 
the lack of cell proliferation defects, the plant stature of the e2fab double mutant does not differ 
from the WT during post-embryonic development. Recently it was suggested that the three 
Arabidopsis E2Fs regulate germline development in a redundant manner and affect fertility 
both through pollen development and megaspore mother cells (Yao et al., 2018). Indeed, the 
triple e2fabc mutant plants hardly produce seeds, but the plant stature is seemingly unaffected 
(Wang et al., 2014; Yao et al., 2018). Thus, none of the three canonical plant E2Fs are essential 
for cell proliferation at least during the sporophyte development. There are indications that 
some of the non-canonical E2Fs, i.e. E2FD may have positive roles in cell proliferation 
(Sozzani et al., 2010), possibly by competing with repressor complexes at E2F sites when the 
canonical E2Fs are missing.  
 
E2FA and E2FB function as repressors in post-mitotic embryonic cells during maturation 
 
Cell cycle genes are turned off during the transition phase from proliferation to maturation in 
the developing embryo, but the molecular mechanism is not yet clear. We show here that cell 
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 cycle genes remained partially on even after the completion of the proliferation phase in the 
double e2fab mutant. This shows that these two E2Fs function as repressors on cell cycle genes 
as seed development progresses into the maturation phase. It is likely that E2Fs form complex 
with the transcriptional repressor RBR protein at this phase of seed development to establish 
quiescence as it was shown before during seedling and leaf development (Kobayashi et al., 
2015). In agreement, E2FA and E2FB as well as their up-stream regulator RBR proteins are 
present in post-mitotic embryonic cells. The cell number in rbr mutant embryos increases 
during the maturation phase (Gutzat et al., 2011). However, in the e2fab mutant embryo we did 
not see significant increase in cell number, indicating the requirement for additional 
components besides E2FA and E2FB downstream of RBR, likely E2FC, to repress cell 
proliferation during the maturation phase of embryogenesis.  
These data support that RBR is central to determine the cell number in developing embryos and 
other plant organs in close association with E2Fs through the formation of repressor complexes. 
Interestingly, when RBR level or activity are reduced in plants the result is hyper-proliferation 
and tumorous growth, just like when Rb is eliminated in animals (Borghi et al, 2010; Gutzat et 
al., 2011; Chen et al., 2009b). The simultaneous inactivation of activator E2F1-3 in rb mutant 
animals restore normal development, indicating that animal E2F activator function is essential 
for tumour development, but dispensable for normal proliferation (Chen et al., 2009b). In plants 
it remains to be demonstrated whether the elimination of E2Fs in lines where rbr is 
compromised could restore the normal proliferation rate. Because RBR was also shown to be 
the primary target of CDKA;1 (Nowack et al., 2012), it would be also interesting to examine 
whether the elimination of E2Fs in cdka;1 mutant could restore the embryo defect 
 
Activator type E2Fs function as repressors to regulate the timing of embryo maturation 
program in developing seeds 
 
Loss of function mutations in the LEC genes have defect in reserve accumulation (Braybrook 
and Harada, 2008). We found that both LEC genes were prematurely up-regulated in the e2fab 
double mutant. In addition, we show that the LEC2 gene could be directly regulated by E2Fs 
through an E2F-binding site during the maturation phase. Additionally, LEC2 expression was 
also prematurely activated in the e2fb-1 mutant suggesting that E2FB regulate LEC2, but earlier 
than E2FA. In agreement, expression of LEC2 became de-regulated when the E2F site in the 
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 promoter was mutated, and showed a nearly maximum level of expression already during the 
morphogenic developmental phase. We also studied another putative E2F target gene, WRI1, 
and show that it is prematurely activated when the E2F-binding site was mutated. These data 
points to E2Fs as negative regulators of maturation genes and not just limiting their expression 
while cell proliferation is ongoing, but also fine tune their expressions during the maturation 
phase. In young Arabidopsis seedlings of rbr co-suppression line the maturation genes, 
including LEC2 and ABI3, remain active, indicating that RBR controls these genes during post-
embryonic development (Gutzat et al., 2011). It is also known that these maturation genes are 
under the control of the Polycomb Group (PcG) (Yang et al., 2013). Whether E2Fs together 
with RBR are also involved in this repressor complex remains to be seen. 
We found that the major seed storage proteins 12S globulin and 2S albumin prematurely 
accumulate already at the morphogenic developmental phase in seeds of e2fa-2, e2fb-1 and in 
the e2fab double mutants. Interestingly, at this early time point none of the regulatory AFL 
genes of seed maturation were upregulated in these e2fa and e2fb mutants, suggesting that these 
are not involved in the observed advance in the accumulation of seed storage proteins. 
Previously, E2FA was found to repress the switch from mitosis to endocycle during leaf 
development by forming repressor complex with RBR (Magyar et al., 2012). Simultaneous 
overexpression of E2FA with its dimerization partner, DPA, delays differentiation during early 
seedling development (De Veylder et al., 2002; Kosugi and Ohashi, 2003). The presented data 
here shows that E2FA is a potential repressor of the developmental transition program of seed 
maturation, suggesting that this developmental role of E2FA is more general. Whether E2FA 
performs this repressive role in complex with RBR is not yet known. Both E2FA and RBR 
proteins clearly accumulate at the highest level in the morphogenic seed developmental phase, 
supporting the hypothesis that they can form complex at this early seed developmental stage. 
Interestingly, the accumulation of SSP proteins was less pronounced in the e2fa-1 and e2fb-1 
mutants in comparison to the e2fa-2, and was not observed in the e2fb-2. We confirmed that 
truncated proteins can be produced till the T-DNA insertion. Since all these truncated proteins 
are predicted to lack the ability to bind RBR or to transactivate, the difference between these 
alleles could be their ability to bind DNA, however these need to be experimentally verified. It 
is possible that the truncated E2FA mutant product occupies the binding sites and thus prevent 
the formation of other repressor complexes. Accordingly, all the three E2Fs including E2FC 
and possibly also the non-canonical E2Fs, the DELs might regulate the timing of seed 
maturation.  
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 In conclusion, the RBR-E2F network is important both for the extent of seed growth and 
accumulation of seed storage reserves and should be considered as an important breeding target 
to increase crop yield. 
 
Materials and Methods 
 
Plant material, growth conditions and silique collection 
Arabidopsis (Arabidopsis thaliana) Col-0 ecotype was the wild type and background of every 
transgenic lines used in this study. In vitro cultured plants were grown on half strength 
germination medium under continuous light at 22oC. Soil grown plants were cultivated in 
greenhouse at 22oC in long-day condition (16h light/ 8h dark photoperiod). All the T-DNA 
insertion mutant lines used in the experiments are previously published; e2fb-1 - 
SALK_103138, e2fb-2 - SALK_120959, e2fa-1 – MPIZ-244, e2fa-2 - GABI-348E09 
(Berckmans et al., 2011a; Berckmans et al., 2011b; Horvath et al., 2017), the double e2fa-
2/e2fb-1 was reported by (Heyman et al., 2011). Total seed weight, seed size, number of siliques 
on the main inflorescence, seed number per siliques and silique size were measured by using 
ten plants per genotype according to (Van Daele et al., 2012). Seed size was calculated from 
100 seeds imaged by stereo microscope and analysed by Image J software (Schneider et al., 
2012).; 
Siliques were collected from soil grown plants at four different developmental stages. These 
are S1: young siliques 2-3 days after pollination (DAP) with 0.2-0.3 cm length; S2: siliques 4-
7 DAP with 0.4-0.6 cm size; S3: full size siliques 8-12 DAP; S4: full size yellow siliques, 13-
18 DAP.  
 
Generation of reporter lines and transgenic Arabidopsis plants 
To construct the transcriptional reporters pLEC2-CFP and pWRI1-CFP, promoter regions of 
LEC2 and WRI1 genes were PCR amplified (3162bp and 1864 bp upstream of the translational 
start codon, respectively; cloning primer combinations described in Supplemental Table S1). 
Multisite Gateway cloning strategy was used to make promoter-reporter gene fusions following 
the protocols in the Gateway Cloning Technology booklet (Invitrogen, USA). The LEC2 and 
WRI1 promoter regions were cloned into pGEM-based plasmids and together with the CFP 
reporter in pGEM 221 plasmid introduced to pGreenII-based pGII0229 destination vector. Site-
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 directed mutagenesis is carried out using the Quick-change mutagenesis (Papworth et al., 1996). 
The E2F-binding site TTTCCCCC on WRI1 promoter at -359bp position was mutated to 
TTTCCAAC, the CGGGAAAA motif on LEC2 promoter at -2bp position was mutated to 
TTGGAAAA. Primers used for the mutagenesis described in Supplemental Table S1. 
Transgenic Arabidopsis plants were generated by using the floral-dip method for 
Agrobacterium-mediated transformation and primary transformants were selected on soil by 
spraying BASTA (glufosinate-ammonium). 24 pWRI1-CFP, 31 pmutE2FWRI1-CFP, 26 pLEC2-
CFP, and 24 pmutE2FLEC2-CFP primary transgenic lines were identified and genotyped on PPT 
selection. Single insertion lines were identified and used for further analysis (5 in each case). 
 
RNA extraction and quantitative RT-PCR 
Total RNA was extracted from siliques and developing seeds using the CTAB-LiCl method 
(Jaakola et al., 2001). Isolated RNA samples were treated with DNaseI (Thermo Fisher 
Scientific). 1 μg of RNA was used to prepare cDNA from each sample using the RevertAid 
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative real-time PCR was 
performed using Maxima SYBR Green/ROX qPCR Master Mix (2X) (Thermo Fisher 
Scientific) and the Applied Biosystems 7900-HT Fast Real-Time detection system. For 
amplification, a standard two-step thermal cycling profile was used (15 s at 95 °C and 1 min at 
60 °C) during 40 cycles, after a 10-min preheating step at 95 °C. Samples were run in triplicates, 
and UBC18 was used as internal reference gene. Data analysis was carried out by the 2-ΔCT or 
the 2-ΔΔCT method. Student's t-test was performed to determine the significance of differences 
between groups. Data are presented as mean±s.d. 
 
Protein analysis, protein extraction, antibody preparation, and immunoblot assay 
Siliques were collected from different developmental stages (40-50 siliques per each line) and 
snap-frozen in liquid nitrogen. For detecting E2F-DP and cell cycle proteins in immunoblot 
assay, total proteins were extracted from developing immature siliques (stage S1-3) in 
extraction buffer (25mM TRIS-HCl, 15mM MgCl2, 15mM EGTA, 15mM p-
nitrophenylphosphate, 100 mM NaCl, 60 mM ß-glycerophosphate, 1mM DTT, 0,1% Igepal, 
5mM NaF, protease inhibitor cocktail for plant tissue (Sigma) and 1mM phenylmethyl 
sulphonylfluoride –(Magyar et al., 1993), while total proteins from post-maturing siliques (S4) 
or 100 dry seeds were extracted in extraction buffer in mortar cooled in liquid nitrogen (100 
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 mM Tris-HC1, pH 8.0, 0.5% (w/v) SDS, 10% (v/v) glycerol and 2% (v/v) 2- mercaptoethanol 
– Hou et al., 2005), followed by boiling for 3 min, and centrifugation for 10 min at 4 0C. The 
latter extraction method was used for detecting seed storage proteins in siliques of S1 to S4 
stages. The precipitated material (20-40 µg) was separated on SDS-PAGE (10, 12 or 15%) and 
either stained by Coomassie-Brilliant Blue R250 or blotted to PVDF membrane. Antibodies 
used in immunoblotting experiments: chicken polyclonal anti-RBR (in dilution 1:2000; 
Agrisera), rat polyclonal antibody anti-E2FA (in dilution 1:300 - see below), rabbit polyclonal 
antibody anti-E2FB, (in dilution 1:500; Magyar et al., 2005), and N-terminal specific chicken 
polyclonal anti-E2FB (in dilution 1:300 – see below), rabbit polyclonal anti-DPB (in dilution 
1:500; Lopez-Juez et al., 2008), rabbit polyclonal antibody anti-2S albumin, and anti-12S 
globulin (in dilution 1:10000; Shimada et al., 2003).  
To produce E2FA antibody, a 270 bp fragment encoding the N-terminal 90 aa of Arabidopsis 
E2FA (E2FA-N-90) was amplified using the following primers: BamHI-FWD: 5'- ATA GGA 
TCC ATG TCC GGT GTC GTA CGA TC -3'; SalI-REV: 5'- ATA GTC GAC CTA TCTAAC 
AAC GAC AGC ATC TTC CT -3' (restriction sites underlined). The BamH I-Sal I digested 
E2FA-N-90 fragment was subcloned into pET-28a(+) vector (Novagen) to obtain 6xHis-E2FA-
N-90 and this construct was transformed into BL21(DE3) Rosetta cells. Protein production was 
induced with 0.5 mM IPTG (3h, 37 oC, 250 rpm shaking), cells were lysed in 6 M GuHCl lysis 
buffer and the cleared lysate was loaded onto HIS-Select Nickel Affinity Gel (Sigma-Aldrich, 
P6611). The 6xHis-E2FA-N-90 protein was purified according to the manufacturer’s 
instructions and used to immunize rats. Immunoglobulin fraction of crude rat sera was obtained 
by ammonium-sulfate precipitation, anti-E2FA antibody was further purified on nitrocellulose 
bound recombinant protein following the protocol of (Kurien, 2009).  
To produce the N-terminal specific E2FB antibody, a 267 bp fragment encoding the N-terminal 
89 amino acids was amplified using the following pimers: BamHI-FWD: 5’- AC GGA TCC 
ATG TCT GAA GAA GTA CCT -3’; Sal1-REV: 5’ ATA GTC GAC TGA TAC AGG TGT 
TTG AAG -3’ (restriction sits underlined). The PCR E2FB-N-89 fragment was cloned into 
pGEX-4T-1 vector (GE Healthcare Life Sciences) into the BamH1-Sal1 sites, and the 
recombinant GST-tagged E2FB-N-89 protein was purified after IPTG induction according to 
the manufacturer’s instructions and immunize chicken (Agrisera, Sweden). The antibody was 
further purified like the anti-E2FA antibody (see above). 
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 Chromatin immunoprecipitation 
Chromatin immunoprecipitation (ChIP) assay was carried out according to Saleh et al., 2008. 
Two grams of siliques from developmental stage S3 of E2FA-GFP (Berckmans et al., 2011b) 
or E2FB-GFP expressing plants were crosslinked with 1% formaldehyde solution at ZT2 - 
6DAG. Chromatin was precipitated using anti-GFP polyclonal rabbit antibody (Invitrogen) and 
were collected with salmon sperm DNA/protein A-agarose (Sigma). The purified DNA was 
used in qRT-PCR reactions to amplify promoter regions with specific primers listed in 
Supplemental Table S1. Relative DNA enrichment was calculated by dividing the antibody 
immunoprecipitation signals with the no-antibody signals. 
 
Dissecting of embryos, and microscopy 
Immature embryos of transgenic lines expressing the fluorescent tagged E2FA, E2FB or RBR 
proteins under the control of their own promoters (pgE2FA-3xvYFP or pgE2FB-3xvYFP or 
pgRBR-3xCFP) were dissected under stereo-microscope, and observations were made with 
Leica Confocal Laser-Microscope. Mature dried seeds were imbibed for 1 h and dissected under 
the stereo-microscope and isolated embryos were stained with propidium iodide (PI) and 
photographed, and organ and epidermal cell sizes were measured by using Image J software 
(Schneider et al., 2012).  
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 Figures 
 
 
 
Figure 1. The expression profiles of E2FA and E2FB are distinct in the developing siliques, 
but overlap in the proliferation phase. (A) Q-RT-PCR analyses of the G2- and M-phase 
specific CDKB1;1, the seed maturation LEC2 and WRI1 genes in the developing siliques of 
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 the wild-type (WT) at four silique developmental stages (S1 to S4, pictured in Suppl. Fig. S1). 
(B) The transcript levels of the three E2Fs, namely E2FA, E2FB and E2FC and the single RBR 
genes were also analysed in these silique samples by qRT-PCR. Values represent fold changes 
normalised to the value of the S1 silique stage (set arbitrarily at 1). Data are combined from n 
= 3 biological repeats, and bars represent means with standard deviations. P≤0,05 (*), 0,01 (**), 
0,001 (***), 0,0001 (****) were considered significant between consecutive silique stages. ns 
means non-significant difference. Abbreviations of the genes and the primer sequences are 
listed in Supplemental Table S1. (C) To follow the accumulation levels of RBR, E2FA, E2FB, 
and DPB proteins in developing siliques (S1-4) specific antibodies were used in immunoblot 
assays as indicated. The Ponceau stained proteins were used as loading control. Arrowheads 
indicate the corresponding E2FA and DPB proteins, and arrow marks a slower migrating form 
of DPB in S4 silique stage. Molecular weights of the specific proteins are shown on the left 
side.  
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Figure 2. Spatial and temporal regulation of E2FA and E2FB accumulation during 
embryogenesis. (A-B) Representative CM images of developing embryos dissected from 
immature seeds of pgE2FA-3xvYFP (A), and pgE2FB-3xvYFP (B) transgenic lines. White 
open boxes with dashed line outline the epidermal regions of hypocotyls and cotyledon in the 
post-mature E2FA-3xvYFP (left side) and E2FB-3xvYFP (right side) embryos as indicated in 
(C). The vYFP signal is green, the cell wall is counterstained with propidium iodide (PI-red). 
In the case of post-mature E2FB-3xvYFP embryo the merged images of the YFP and the PI 
signals are shown. Silique stages (S1-4) correspond to the different embryo developmental 
phases are indicated. Scale bars are included at the bottom side of embryo images.  
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Figure 3. E2FA and E2FB could function either as activator or repressor on cell cycle 
genes depending on the developmental stage of siliques and seeds. (A) Comparison of the 
CYCD3;1, ORC2, MCM3, and CDKB1;1 transcript levels in developing siliques of the e2fa-
2, e2fb-1, and e2fa-2/e2fb-1 single and double mutants, respectively with the control (WT) at 
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 three silique developmental stages from S1 to S3 (pictured in Suppl. Fig. S1). Values represent 
fold changes normalised to the value of the WT at the S1 silique stage (set arbitrarily at 1). (B) 
The expression levels of cell cycle genes in the S3 maturation phase are compared between the 
e2f mutants and the control WT. The values represent fold change normalised to the value of 
the relevant gene from WT at the S3 silique stage (set arbitrarily at 1). Data are combined from 
n = 3 biological repeats, and bars represent means with standard deviations. P≤0,05 (*), 0,01 
(**), 0,001 (***), 0,0001 (****) were considered significant between the corresponding mutant 
and the WT, at a given silique stage. ns means non-significant difference. Abbreviations of the 
genes and the primer sequences are listed in Supplemental Table S1. 
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Figure 4. E2FA and E2FB are dispensable for embryonic cell proliferation. (A) 
Representative pictures of mature embryos from wild type (WT) and e2fa-2, e2fb-1 single and 
e2fa-2/e2fb-1 double mutants dissected from mature dry seeds, and photographed in CM.  Bars: 
100 µm. (B) Propidium idodide stained WT-Col and e2fa-2/e2fb-1 double mutant embryos were 
photographed in CM (additional images are shown in Fig. S S10). White open boxes outline 
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 epidermal regions in cotyledons and hypocotyls of WT and e2fa-2/e2fb-1 double mutant and 
enlarged on the right side to show epidermal cell sizes. Bars: 100 µm. (C-D) Entire cotyledon 
(C) and hypocotyl (D) area was measured of mature dried embryos for determining their areas. 
Data are combined from n = 3 biological repeats, N = 10 samples in each. Cell size and cell 
number was calculated by using image analyses (Image J). Sample size N≥200 cells/image 
(n=4). Error bars represent standard deviation. P≤0,05 (*); 0,01(**), 0,001(***) were 
considered significant between the corresponding mutant and the WT. ns means non significant 
difference. 
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Figure 5. Activator E2Fs repress key maturation genes in developing siliques and seeds. 
(A) Comparison of the LEC1, LEC2, FUS3, ABI3, and WRI1 transcript levels in developing 
siliques of the e2fa-2, e2fb-1, and e2fa-2/e2fb-1 single and double mutants, respectively with 
the control (WT) at three silique developmental stages from S1 to S3 (pictured in Suppl. Fig. 
S1). Values represent fold changes normalised to the value of the WT at the S3 silique stage 
(set arbitrarily at 1). (B) The expression levels of maturation genes in the transition S2 phase in 
the e2f mutants and the control WT; values represent fold change normalised to the value of the 
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 relevant gene from WT at S2 (set arbitrarily at 1). Data are combined from n = 3 biological 
repeats, and bars represent means with standard deviations. P≤0,05 (*), 0,01 (**), 0,001 (***), 
0,0001 (****) were considered significant between the corresponding mutant and the WT, at a 
given silique stage. ns means non-significant difference. Abbreviations of the genes and the 
primer sequences are listed in Supplemental Table S1.  
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Figure 6. E2Fs could regulate the temporal control of LEC2 and WRI1 genes during 
silique development. (A) Schematic representation of the LEC2 and WRI1 promoters; arrows 
labelled by p1, p2 indicate the position of the primer pairs used for qPCR analysis. The position 
of the canonical E2F elements (white arrowheads) and their distance from the start codon 
(ATG) are depicted. (B) Chromatin immunoprecipitation (ChIP) followed by qRT-PCR was 
carried out on chromatin isolated from developing green siliques (6-10 days after pollination - 
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 DAP) of pgE2FA-GFP transgenic line using polyclonal anti-rabbit GFP antibody. The graph 
shows the results of a representative experiment with three biological replicates. Nonparametric 
MannWhitney U test was used for statistical analysis between values of Ab and NoAb samples 
(* P < 0,05). The labels p1, p2 on x axis refer to the regions indicated in (A). (C-D) The 
expression levels of reporter LEC2 (C) and WRI1 (D) constructs either under the control of the 
intact (pLEC2::CFP, pWRI1::CFP, respectively) or the E2F-binding-site-mutant promoter 
version (pmutE2FLEC2::CFP, pmutE2FWRI::CFP, respectively) were determined by qRT-PCR in 
the developing siliques from S1 to S4 (pictured in Fig. S S1). L22 and L24 represent two 
independent E2F-binding-site-mutant promoter lines (D). Values represent fold changes 
normalised to the value of the intact promoter construct at the S1 silique stage (set arbitrarily at 
1). Data are combined from n = 3 biological repeats, and bars represent means with standard 
deviations. P≤0,05 (*), 0,01 (**) were considered significant between the corresponding mutant 
and the intact promoter construct, at a given silique stage. ns means non-significant difference. 
(E) By using anti-GFP antibody in immunoblot assay CFP protein level was followed in 
developing siliques from S1 to S3 of the same transgenic lines shown in D as indicated. 
Molecular weight of the CFP protein (28kDa) is indicated on the left side. The coomassie 
stained proteins were used as loading control. Abbreviations of the genes and the primer 
sequences are listed in Supplemental Table S1. 
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Figure 7. The temporal and spatial expression of WRI1 in the developing embryo depend 
on its regulatory E2F-binding site. (A-B) Representative CM images of developing embryos 
from the intact (A) and E2F-binding site mutant (B) WRI1 promoter (pWRI1::CFP and 
pmutE2FWRI1::CFP reporter lines - upper and lower embryo images, respectively) dissected from 
immature seeds. (C) The hypocotyl-root tip regions of mid-torpedo stage embryos outlined with 
open white boxes in (A) are enlarged in (B). CFP signal (blue), bright field, and the merged 
images are shown. Scale bars are included at the bottom side of embryo images (µm).  
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Figure 8. Seed storage proteins 2S albumin and 12S globulin show premature 
accumulation in the e2f mutant siliques and seeds. (A) Accumulation levels of 12S globulin 
in the single e2fa-2, e2fb-1 and in the double e2fa-2/e2fb-1 mutants at three silique and seed 
developmental stages (S1-3) were compared to the control WT in immunoblot assay by using 
specific antibody. (B-C) Seed storage proteins were detected in the early developing siliques 
and seeds of e2fa-1, e2fa-2, e2fb-1 and e2fb-2 single, as well as e2fa-2/e2fb-1 double mutants 
by using anti-12S (B) or anti-2S (C) antibodies in immunoblot assays. The WT maturation-
phase silique sample (S3) was used as positive control, and 1/4th of the S1-2 samples were 
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 analysed (5µg). Arrowhead indicates precursors of 12S or 2S proteins. (D) The amount of 
globulin (12S) and albumin (2S) in post-mature seeds (silique stage 4 - S4) of single and double 
activator e2f mutants as well as the WT were compared by using specific anti-12S and anti-2S 
antibodies in immunoblot assays. Coomassie-stained proteins were used as loading controls.  
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Figure 9. Model explaining the functions of activator E2Fs during seed and embryo 
development. The proliferative morphogenic and the differentiation-related maturation phases 
are the two major and oppositely regulated phases of seed and embryo development (green and 
black triangle). Activator E2Fs are required for the full activation of cell cycle genes in the 
morphogenic developmental phase, while in the subsequent maturation phase they are involved 
in the repression of cell proliferation probably together with E2FC and in complex with RBR 
to establish quiescence. Maturation program is inhibited in the proliferative phase by activator 
E2Fs through either repressing the expression of maturation genes like LEC2 or inhibiting the 
accumulation of seed storage proteins, 2S albumin and 12S globulin. Activator E2Fs also tune 
the expression of maturation genes during the differentiation phase of seed development and 
E2FC and RBR might also participate in this regulation. 
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Table 1. Double e2fa-2/e2fb-1 mutant plant produces fewer but bigger and heavier seeds 
than the control WT.  
 
Genotype Seed weight* 
Total 
seed 
weight 
(mg)** 
Silique 
length 
(cm)*** 
Silique 
no.**** 
Seeds 
per 
silique 
Seeds size 
(mm2) 
Wild type   2,2 ± 0,1 370 ± 60 1,6 ± 0,1 47 ± 2,5 57 ± 5,7 0,182 ± 0,015 
e2fa-2     2,17 ± 0,05  332 ±59 1,5 ± 0,1 48 ± 4,2 53 ± 3,9 0,187 ± 0,015 
e2fb-1 2,36 ± 0,11 383 ± 61 1,7 ± 0,1 51 ± 4,1A 56 ± 8,9  0,205 ±0,017C 
e2fa-2/e2fb-1  3,0 ± 0,11B  267 ± 48B 1,1 ± 0,2C  56 ± 4,4C 22 ± 3,1D 0,221 ± 0,017D 
 
Plants were grown under identical conditions. Repetition in different period of the year gave 
similar results. Means±SD are shown.  
* Weight of seeds is given in mg per 100 seeds (n=10/line). ** Total seed weight was measured 
by weighting the harvested seeds (n=10/line) and is given in mg. Silique length (***) and 
number (****) was determined on the primary inflorescence (n=10/line; N=50-70). P≤0,05 (A), 
0,01 (B), 0,001 (C), 0,0001 (D) were considered significant between the corresponding mutant 
and the WT. Non-labelled values considered non-significant differences. 
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Table 2. e2fa-2/e2fb-1 double mutant seeds have higher protein levels than do wild-type 
seeds. 
 
Genotype  µg of protein/seed* Ratio† 
Wild type   2,2 ± 0,1 370 ± 60 
e2fa-2   2,17 ± 0,05 332 ± 59 
e2fb-1 2,36 ± 0,11 383 ± 61 
e2fa-2/e2fb-1  3,0 ± 0,11C  267 ± 48 
 
*Means SD are shown.  
†Ratio of values from e2f mutants to wild type. P≤0,001 (C) was considered significant between 
the e2fa-2/e2fb-1 mutant and the WT. 
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Gene name Forward primer Reverse primer 
Cloning and mutagenesis 
WRI1 (AT3G54320) CTCTGAAACGAATATATGATACTA TAAACTCTGAGAAAGTTTAGATTT 
LEC2 (AT1G28300) TGATTTAAACTTTTCGCTTGGGCA TTTTCCCGGAGAGAGAGAGAGAGA 
pWRI1-E2F-MUT CATTCCAACTTTTCCAACAAAAAATTAGAG TCTAATTTTTTGTTGGAAAAGTTGGAATG 
pLEC2-E2F-MUT CTCTCTCTCTCTCTCTCTTGGAAAAGCAAGTTTGTAC 
TACAAACTTGCTTTTCCAAGAGAGAGAG
AGAGAGAG 
qRT-PCR 
ORC2 (AT2G37560) TCCCGAATCACAACAAACTC CCACAATAATGGAGGTTGA 
MCM3 (AT5G46280) TGGGCAGCACATGAGGAC CACTTTGTTATCATCTTGCAGTTT 
CYCD3;1 
(AT4G34160) GCAGCATAAGTTCAAGTGTGTAGC AAACCGTAAGAGGCAGCTCTGG 
CDKB1;1 
(AT3G54180) TCTGTTGGTTGTATCTTTGCTGA CATTGCTGCTCAGTTGGTGT 
RBR (AT3G12280) CGCTTCCATTTTGGTTTTGA TGAACAACAGCAGCAGCAAC 
E2FA (AT2G36010) CAACCCAGAAACTGCTATTGTT GTCCGACTCATCATTTTCAAC 
E2FC (AT1G47870) TGCCGTTATGACAGTTCTTTAGGG  AGTGTTCCATCCTCAGCTTCCT 
E2FB (AT5G22220) GGACCGAGCGACAACAAA AGGTGATCTCGTAGCAGTGGA 
WRI1 (AT3G54320) AAGTACTTGTACCTCGGCACCT  CAATCGCAGCCATGTCATA 
LEC2 (AT1G28300) GGTCCAATAACAAGAGCAGAATG CAGCTCCATTTTGCTTCACA 
LEC1 (AT1G21970) GTTATGGTATGTTGGACCAATCC TTCATCTTGACCCGACGAC 
FUS3 (AT3G26790) TGATACTCCCGAAGAAAGCC CTATACTTGAAGGTCCAAACGTG 
ABI3 (AT3G24650) GGCAGGGATGGAAACCAGAAAAGA GGCAAAACGATCCTTCCGAGGTTA 
UBC18 (AT5G42990) ACAGCAATGGACATATTTGTTTAGA TGATGCAGACTGAACTCACTGTC 
CFP TGAAGTTCATCTGCACCA CTTGTACAAGCTTCGTC 
Chromatin Immunoprecipitation (ChIP) 
WRI1prom1(-1036) ACTCGTGTGTCTGCTTAAATCA AGCACGTGTCAATCCGAAAC 
WRIprom2(-243) GACAGCGTGGAGAGTAAAGC  GGAGGAAAGGGCTAATTGGG 
LEC2prom1(-1342) TCATGGTTAGAAATTTGGTGACAGT TCGAAATCATAACCCATAGAACACT 
LEC2prom2(-110) CATCTGCAACATTTTGACTCGTT CAGAGTTTGCGTTAGAAGAGGG 
Table S1. List of primers and their sequences used for mutagenesis, and qRT-PCR, and 
in ChIP assay. Italic letters represent the E2F-binding site in the primer pairs used for 
mutagenesis of LEC2 and WRI1 promoters. The nucleotid position of primer pairs from 
distance of the ATG start codon of the open reading frame (ORF) of E2FA and E2FB as well 
as the size of the PCR products are indicated.  
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Gene name Forward primer Reverse primer 
RT-PCR 
E2FA Start-e2fa-1 left 
(816bp)  
ATGTCCGGTGTCGTACGATCT TCCTCTGTTTGTCTGATTTGGTTG 
E2FA Start-e2fa-2 left 
(980bp) 
ATGTCCGGTGTCGTACGATCT GGTCAGCCGCTTCATCTGGA 
E2FB Start-e2fb-1 left 
(702bp) 
ATGTCTGAAGAAGTACCTCAA CTTTCTTGTGATTCTCTGATTTGGT 
E2FB Start-e2fb-2 left 
(645bp) 
ATGTCTGAAGAAGTACCTCAA TGTACTTCATCCTGTAGGTTAGC 
E2FA Start-e2fa-1 right 
(938bp) 
ATGTCCGGTGTCGTACGATCT CATGAGGAGCTTTGACGGCT 
E2FA Start-e2fa-2 right 
(1090bp) 
ATGTCCGGTGTCGTACGATCT TGCACCACTCCCATTTGTGT 
E2FB Start-e2fb-1 right 
(970bp) 
ATGTCTGAAGAAGTACCTCAA TTCATCAGCCTGAGGAATGTC 
E2FB N-term-e2fb-2 right 
(518bp) 
TCTGCGAAGTCTAATAAGTCTGGA GTGCCTTTACAGCTATCAGCG 
Table S2. Primers and their sequences used for the RT-PCR analysis. The size of the PCR 
products are indicated (bp means base pair). The left or right position of the primers refer to 
their location according to the T-DNA insertion.  
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S1 S3S2 S4
Silique stage1: 2 -3 DAP 
Silique stage2: 4 -7 DAP
Silique stage3: 8-12 DAP
Silique stage4: 13 -17 DAP
Figure S1. Silique samples were collected with different sizes representing distinct seed 
developmental stages. Representative pictures of the developing silique samples in four sizes; 
the few mm long S1, the 0,4-0,6 cm long S2, the full size siliques with green seeds (S3) and the 
yellow silique containing brown dry seeds referred as S4. Scale bar is 1 cm. Timing of seed 
development as days after pollination (DAP) is indicated on the right side.  
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RBR
E2FA
E2FB
Figure S2. Seed specific expression pattern for E2FA (At2g36010), E2FB (At5g22220) and 
RBR (At3g12280) using the Arabidopsis eFP-browser (Winter et al., 2007). Values 
indicated correspond to Affymetrix signal values.  
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pRBR:gRBR-3x-CFP
A
B
Heart Late TorpedoMid Torpedo
Figure S3. Accumulation of RBR protein during embryo development. 
(A) Representative CM images of heart, late torpedo, and walking stick stage embryos of 
pgRBR-3xCFP line. (B) Representative CM image of a full-size embryo of the RBR-CFP 
expressing line. Red signal is propidium iodide, blue signal is CFP. Scale bars are included at 
the bottom side of embryo images (µm). 
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pgE2FA-3xvYFP pgE2FB-3xvYFP
pgE2FA-3xvYFPpgE2FB-3xvYFP
A
B
50 µm 50 µm
50 µm 100 µm
10 µm
10 µm
Figure S4. Activator E2FA and E2FB proteins accumulate in the nucleus of the 
integument’s epidermal cells. (A) Representative CM images of the E2FA-GFP and E2FB-
GFP expressing transgenic seeds during the morphogenic developmental phase. (B) 
Proliferating epidermal cells in the integuments of E2FA-GFP and E2FB-GFP seeds are 
shown by arrows. GFP signal is green. Merged GFP and bright field images are shown. Scale 
bars are included at the bottom side of seed images.  
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WT-Col
e2fa-2/
e2fb-1
250 µm
250 µm
Figure S5. The double e2fa-2/e2fb-1 mutant embryo is larger than the control WT. 
Representative CM images of propidium iodide (PI) stained embryos isolated from dry seeds 
of the double e2fa-2/e2fb-1 mutants and the control WT. Merged PI-stained and bright field 
images. Scale bar is 250 µm. 
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WT-Col0
e2fa-2/e2fb-1
Figure S6. The double e2fa-2/e2fb-1 mutant is partially sterile. Opened siliques of the WT 
Col control and double e2fa-2/e2fb-1 mutant showing missing seeds in the later. Scale bar: 0,5 
cm. 
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Figure S7. E2FB do not bind to the promoter region of LEC2 and WRI1 gene in maturing 
siliques. Chromatin immunoprecipitation (ChIP) followed by qRT-PCR using primer pairs 
specific for LEC2 and WRI1 promoters was carried out on chromatin isolated from developing 
green siliques (6-10 days after pollination - DAP) of pgE2FB-GFP transgenic line using 
polyclonal anti-rabbit GFP antibody. The graph shows the results of a representative experiment 
with three biological replicates. Nonparametric MannWhitney U test was used for statistical 
analysis between values of Ab and NoAb samples (* P < 0,05). The labels p1, p2 on x axis refer 
to the regions in the promoter region of LEC2 and WRI1 as indicated in Figure 6A.  
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pmutE2FWRI1-CFP L24
Heart Heart
Torpedo Late Torpedo
0    25 0    25
0    75
0    50
A
B
Figure S8. E2F-binding site mutant WRI1 promoter shows premature activity during 
embryo development. (A) Representative CM images of developing embryos from an 
independent E2F-binding site mutant WRI1 promoter reporter line (pmutE2FWRI1::CFP L24) 
dissected from immature seeds. Strong CFP signal has already been detected in the heart stage 
embryos just like in the other E2F-binding site mutant WRI1 reporter line (pmutE2FWRI1::CFP 
L22 - Figure 7). (B) The root tip regions of torpedo stage embryo outlined with open white 
boxes in (A) are enlarged in (B). CFP signal (blue), and a merged image with bright field are 
shown. Scale bars are included at the bottom side of embryo images (µm). 
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Figure S9. T-DNA insertion mutants for E2FA and E2FB do not express the full 
transcripts. (A) Structural organization of E2FA and E2FB proteins. Colours represent 
different domains as indicated. Arrowheads point to the position of the different T-DNA 
insertions. (B-G) Transcript levels of E2FA (B, C, F) and E2FB (D, E, G) in WT and T-DNA 
insertion mutants (e2fa-2, e2fb-1, and/or e2fa-2/e2fb-1). Levels of each transcript were 
determined by qRT-PCR using primer pairs specific for the insertion site of e2fa-2 (B) or e2fa-
1 (C), or e2fb-1 (D), or e2fb-2 (E), or specific for the N-terminal part of E2FA (F) or E2FB (G) 
preceding the insertion site. Values represent fold changes normalised to the value of the WT 
(set arbitrarily at 1). Data are combined from n = 3 biological repeats, and bars represent means 
with standard deviations. P≤0,01 (**), 0,001 (***), 0,0001 (****) were considered significant 
between the corresponding mutant and the WT. Abbreviations of the genes and the primer 
sequences are listed in Supplemental Table S1.  
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Figure S10. T-DNA insertion mutants for E2FA and E2FB express transcripts down to 
the insertion site. (A) Positions of the T-DNA insertions (white triangles) are shown on E2FA 
and E2FB mRNA, respectively. Gray and black sections indicate untranslated and translated 
regions. Arrows connected by black lines mark amplicons generated by specific primer pairs. 
Above a scale bar shows sizes in kilobases (kb). (B-E) cDNA prepared from WT and e2fa and 
e2fb single and e2fa-2/e2fb-1 double mutant seedlings was subjected to RT-PCR analysis by 
using the specific primer pairs covering the entire regions in advance of the insertion (B-C), or 
beyond the insertion (D-E) and compared their size to the corresponding control WT products 
as indicated. (B-C) Transcripts of E2FA (B) and E2FB (C) could be transcribed in the single 
e2fa (e2fa-1, e2fa-2), e2fb (e2fb-1 and e2fb-2) and in the double e2fa-2/e2fb-1 insertion mutants 
down to the insertion site in identical size with the control WT. (D-E) Transcripts were not 
synthesized beyond the insertion sites neither in the e2fb nor in the e2fa mutants when the 
reverse primers were designed next to the insertions. Primer sequences are shown in 
Supplemental Table S2.  
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WB:    Anti-GFP Anti-E2FB-N-term 
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A B
C D
Figure S11. T-DNA insertion mutants for E2FA and E2FB synthesize proteins with 
smaller size than the full length E2F proteins. (A-B) Western blot analysis of seedlings of 
single and double e2fa and e2fb mutants in comparison to the WT control by using a C-terminal 
specific anti-E2FB (A), or an N-terminal specific anti-E2FA (B) antibody. Arrow indicates the 
full size E2FA or E2FB proteins, arrowhead shows a smaller size possible truncated E2FA 
protein (45-50kDa), while asteriks mark aspecific cross-reacting protein bands. (C) An N-
terminal specific anti-E2FB antibody could recognize the full length endogenous E2FB in the 
WT control but only in the anti-DPA immunoprecipitated sample (open arrow). (D) By using 
the same antibody an E2FB protein with smaller size (about 35kDa) was recognized in the e2fa-
2/e2fb-1 double mutant seedlings immunoprecipitated by anti-DPA antibody (arrowhead). As 
positive control anti-DPA antibody could readily immunoprecipitate the E2FA-GFP and the 
E2FB-GFP proteins. Arrow shows the GFP-tagged E2FA and E2FB, open arrow marks 
endogenous E2FB, and arrowhead shows the potentially truncated E2FB mutant form. 
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